background: Hyperandrogenemia is associated with several clinical disorders in which both reproductive dysfunction and metabolic changes may coexist [i.e. polycystic ovary syndrome (PCOS), obesity and congenital adrenal hyperplasia]. Moreover, there is growing evidence that the elevated levels of circulating androgens in obese girls may lead to an increased neuroendocrine drive to the reproductive axis, similar to that associated with PCOS. methods: To test whether androgen exposure in the childhood and adolescent period could lead to pubertal alterations in LH secretory patterns, female rhesus monkeys received subcutaneous testosterone implants prepubertally beginning at 1 year of age, maintaining a 3.7-fold increase (P ¼ 0.001) in circulating testosterone levels over cholesterol-implant controls (n ¼ 6/group) into the post-pubertal period. In early adulthood, pulsatile secretion of LH was measured over 12 h during the early follicular phase of a menstrual cycle, and responsiveness of the pituitary to gonadotrophin-releasing hormone was determined. In addition, ultrasounds were performed to assess ovarian morphology and glucose tolerance testing was performed to assess insulin sensitivity.
Introduction
Polycystic ovary syndrome (PCOS) is a common reproductive disorder affecting 4-8% of reproductive-aged women worldwide (Knochenhauer et al., 1998; Asuncion et al., 2000; Azziz et al., 2004) . Symptoms include evidence of hyperandrogenism, polycystic ovaries and oligomenorrhea or amenorrhea (Knochenhauer et al., 1998; McCartney et al., 2006; Blank et al., 2008) . Typically, pelvic ultrasonography reveals that women with PCOS have increased ovarian size, as well as greater numbers of antral follicles compared with healthy women (Chen et al., 2008; Shah et al., 2010) . There is also an increased incidence of obesity and insulin insensitivity in women with PCOS (Legro et al., 1999 (Legro et al., , 2001 Ovalle and Azziz, 2002) . Obesity reportedly aggravates PCOS symptomology (Dunaif et al., 1989; Legro, 2000) , and weight loss may help women with PCOS restore metabolic and reproductive function (Pasquali et al., 1989; Hoeger, 2008) . Characteristic neuroendocrine changes often seen in patients with PCOS include increased frequency of pulsatile LH secretion by the pituitary, increased pituitary responsiveness to GnRH, and decreased sensitivity of the hypothalamus to progesterone negative feedback (Rebar et al., 1976; Pastor et al., 1998; Marshall and Eagleson, 1999) .
Interestingly, obese girls are often hyperandrogenemic even in early puberty, and the hyperandrogenemia (HA) is associated with a rapid progression from pubertal to adult LH secretory patterns (Apter et al., 1994; McCartney et al., 2009 ). In addition, in girls with HA from other causes, such as congenital adrenal hyperplasia (CAH) and premature pubarche, there is an increased incidence of elevated LH secretion and irregular menstrual cycles (Levin et al., 1991; Holmes-Walker et al., 1995) . In animal studies, early exposure to elevated androgens in the prenatal period has been associated with an increased neural drive to the reproductive axis. In both rats and sheep, HA in the prenatal period leads to an increased frequency of LH pulses and higher levels of circulating LH (Sharma et al., 2002; Foecking et al., 2005; Savabieasfahani et al., 2005) . Similarly, previous studies in female monkeys have shown that excess androgen exposure during fetal development can lead to later HA, irregular or absent menstrual cycles, elevated LH levels and polycystic ovaries as adults (Abbott et al., 1998 (Abbott et al., , 2005 (Abbott et al., , 2008 . However, whether later elevation of androgen levels in childhood through adolescence could lead to similar abnormalities in the neuroendocrine drive to the reproductive axis has not been examined.
In this study, we tested if an elevation in androgen levels in the prepubertal and pubertal period (to levels similar to those seen in obese girls; McCartney et al., 2006) would result in alterations in pubertal LH secretory patterns that resemble those in hyperandrogenemic girls and women with PCOS. Female rhesus monkeys were exposed to low doses of testosterone beginning prepubertally (i.e. at 1 year of age) and continuing into early adulthood (i.e. at 5 years of age). We hypothesized that if a slight elevation in peripubertal testosterone leads to an increased central drive to the reproductive axis, then the testosterone-treated animals would develop at least some characteristics seen in obesity and PCOS, including a faster LH pulse frequency, higher LH responsiveness to exogenous GnRH and possibly increased numbers of small antral follicles and decreased insulin sensitivity compared with control (cholesterol-treated) animals.
Materials and Methods

Animals
Twelve 1-year-old female rhesus macaques (Macaca mulatta), weighing 1.7 -2.4 kg, were obtained from the breeding corrals of the Oregon National Primate Research Center (ONPRC). They were housed in pairs in stainless steel cages (81 × 122 × 69 cm) in a temperature-controlled room (24 + 28C), with lights on for 12 h/day (0700 -1900 h) during the first 2.5 years of the experiment. When the animals were 3.5 years of age, chronic indwelling venous catheters were implanted and the animals were then housed individually in single cages (81 × 61 × 69 cm). Monkeys were fed two meals of Purina LabDiet fiber-balanced monkey chow each day (no. 5000; Purina Mills, St. Louis, MO, USA), supplemented with fresh fruits and vegetables. Monkeys were trained to approach the front of their cage so menses could be detected daily by swabbing the vaginal area with a cotton-tipped swab. The first day of menses was designated Day 1 of a menstrual cycle. All procedures in this study were reviewed and approved by the ONPRC Institutional Animal Care and Use Committee.
Testosterone implants
Normal testosterone levels in prepubertal female rhesus macaques were determined by assaying serum from four 12-month-old female monkeys in the ONPRC colony. The average testosterone value (0.4 ng/ml) was multiplied by three to achieve the lower limit (1.2 ng/ml), and by four to achieve the upper limit (1.6 ng/ml) of target values in the testosteronetreated animals. This was based on the clinical evidence that PCOS patients have testosterone levels about 3 -4 times higher than controls (Eagleson et al., 2003; Silfen et al., 2003; Moran et al., 2004) . To determine the size of testosterone implant needed, monkeys from the ONPRC colony, which were not used for this study, had implants of various lengths and testosterone:cholesterol ratios placed s.c. under ketamine hydrochloride (Ketaset, 10 mg/kg i.m., Wyeth, Madison, NJ, USA) sedation. Blood samples were taken daily to determine which implants resulted in a sustained 3-4-fold increase in testosterone levels. Once an appropriate implant size was determined, all animals used in this study received either a testosterone-or cholesterol-containing (n ¼ 6/group) implant at 1 year of age. Implants were made of Silastic tubing (Dow Corning, Midland, MI, USA) and were initially 5 mm in length with an inner and outer diameter of 0.335 and 0.465 cm, respectively. Implants were filled with cholesterol (control animals), or a testosterone/cholesterol mixture (testosterone-treated animals), with a testosterone:cholesterol ratio of 1:15 or 1:12 at the beginning of the experiment. As the animals grew, the length of the implant increased up to 1 cm and the testosterone:cholesterol ratio was increased gradually to 1:4 to maintain the desired serum testosterone levels. Both cholesterol and testosterone were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Blood collection and steroid hormone assays
To collect blood samples for tracking serum testosterone concentrations, animals were trained to jump from their cage into a portable transport box and were carried into a nearby room. The transport box door was opened and they were transferred to a specially designed cage and trained to present their leg for blood collection from the femoral vein (Hunnell et al., 2007) . Weekly blood samples (2 ml each) were collected from each animal, allowed to clot at room temperature for .1 h and refrigerated overnight. Samples were then centrifuged at 1000g for 15 min at 48C and serum was removed and stored at 2208C until assays were performed. Each week's samples were assayed for testosterone and when serum testosterone concentrations fell below the threshold of 1.2 ng/ml, the implant was changed. Cholesterol implants were also changed regularly so that cholesterol-treated (i.e. control) animals received the same average number of implant surgeries as the testosterone-treated animals. Testosterone was measured using a radioimmunoassay (RIA) kit (DSL-4100, Diagnostic Systems Laboratories, Inc., Webster, TX, USA) by the Endocrine Services Core Laboratory at the Oregon National Primate Research Center. The sensitivity of the testosterone assay was 0.05 ng/ml and the intra-and inter-assay coefficients of variation for the assays were 2.23 and 4.00%, respectively. Blood samples were also drawn at times throughout the study to quantify serum estradiol (E 2 ) and progesterone concentrations. Both E 2 and progesterone were assayed using the Immulite 2000 platform, using methods previously published (Herod et al., 2010a) . As with many validated clinical platforms, the Immulite 2000 runs three QC serum pools daily and as such, measurement variability was not assessed within the limited number of samples assayed for this study on any one day. The inter-assay coefficient of variation, reflecting variability in daily QC results over the 1.5-year period in which these assays were performed was 8.5% for E 2 and 9.4% for progesterone.
Nighttime LH concentrations and LH assay
In order to measure the sleep-associated rise in LH that would be indicative of puberty (Terasawa et al., 1984; Apter et al., 1989) , nocturnal blood samples were collected from each animal once a month at 2200 h. These samples were collected as described for the weekly daytime samples, processed in the same manner and then assayed for LH. LH was measured by RIA at the University of Pittsburgh assay core using recombinant cynomolgus monkey LH (National Hormone and Peptide Program, Harbor-UCLA Medical Center, Torrance, CA) as standards (Williams et al., 2001) . The sensitivity of the LH assays was 0.1 ng/ml and the intra-and inter-assay coefficients of variation for the assays used in this study were 6.6 and 12.2%, respectively.
Catheterization
At 3.5 years of age, after all monkeys had experienced menarche, a chronic indwelling venous catheter was implanted under isoflurane anesthesia (Hospira, Lake Forest, IL, USA) as described previously (Cameron and Nosbisch, 1991) . Briefly, the catheter exited in the mid-scapular region of the back and was protected by a fitted nylon jacket worn by the monkey. The jacket was connected to a flexible metal tether and swivel which allowed the monkey to have full range of motion within its cage. Silastic tubing was routed through the wall into an adjacent room where blood samples were collected and drugs infused without disturbing the monkeys or disrupting their normal activities. Previous studies established that female monkeys with chronic indwelling catheters display normal, regular menstrual cycles (Herod et al., 2010b) . Catheters were kept patent with a constant infusion of physiological saline (Baxter Healthcare, Deerfield, IL, USA) containing heparin sodium (4 IU/ml) at a rate of 100 ml/day. Animals were sedated weekly with ketamine in order to inspect the catheter system and replace a sterile dressing covering the exit site. No ketamine was administered in the 24 h preceding any experiment. Following catheterization surgery, animals were allowed a minimum of 3 weeks to recover before any experiments were performed.
Measurement of pulsatile LH secretion
Pulsatile LH secretion was measured during the early follicular phase (D2-3) of the menstrual cycle in animals that were ovulatory and 5 years of age. Animals that were non-ovulatory still experienced periods of menstrual bleeding, and samples were conducted on D2 -3 after onset of menses in these animals as well. Blood samples (0.4 ml each) were collected into sterile heparinized syringes through the remote sampling system, every 10 min from 1300 to 0100 h. This interval provided samples for 6 h during the light phase and 6 h during the dark phase of the day-night cycle in order to detect differences between daytime and nighttime LH secretion. Immediately after collection, the samples were placed into sterile plastic tubes and centrifuged at 1000g for 15 min at 48C. Plasma was removed and placed into plastic O-ring vials (containing 20 ml of a solution composed of equal volumes of 38% sodium citrate and 1000 IU/ml sodium heparin to prevent clotting of plasma proteins) and stored at 2208C until assays were performed. In a sterile manner, red blood cells were resuspended in saline and reinfused through the catheter system to the animal. Hematocrit was recorded at the beginning, middle and end of the experiment to ensure that it remained in the normal physiological range.
GnRH stimulation
LH responsiveness to GnRH was measured between 0900 and 1000 h on D8 -10 of a menstrual cycle when the monkeys were 4 and 5 years of age. GnRH was obtained from the National Hormone and Peptide Program (Harbor-UCLA Medical Center, Torrance, CA, USA), dissolved in 0.9% saline at 1 mg/100 ml and stored in 200 ml aliquots at 2208C until use. Immediately before use, saline was added to individual aliquots to bring the concentration to 1 mg/ml. GnRH (250 ng/kg, i.v.) was infused at time 0 and blood samples (0.4 ml) were collected at 215, 21, 15, 30, 60 and 90 min, as described previously (Cameron and Nosbisch, 1991) . This dose was chosen so that monkeys would receive a physiological dose that caused a response, but a response that was sub-maximal to allow detection of individual differences in LH responsiveness. Samples were collected, centrifuged and stored, and then red blood cells were reinfused as described for the pulsatile LH experiments.
Ovarian ultrasound
Ovarian ultrasounds were performed on D1-3 of a menstrual cycle when the animals were 5 years of age. Ultrasounds were performed using a GE Medical Systems Voluson w 730 Expert Doppler ultrasound instrument (GE Healthcare, Waukesha, WI) with both 2D (4.5-16.5 MHz) and 4D (3.3-9.1 MHz) transabdominal probes. Methods were similar to previous studies in adult female macaques (Bishop et al., 2009) . Animals were assigned random identifiers, the sonographer (C.V.B.) was blinded to animal treatment, and the follicle cohort present in each ovary and ovarian size were assessed. The 2D probe was used to orient image field to the uterus and identify the ovaries. The 4D probe was then used to generate a data file of each individual ovary which included a series of images collected in one scan through the entire ovary. Archived scans from each animal were analyzed at one time by the sonographer. Ovaries were analyzed for ovarian area (cm 2 ), circumference (cm) and diameter (mm), number of visible antral follicles on each ovary, the mean, maximum and minimum size (cm) of the antral follicles on each ovary and the total number of antral follicles per female. Follicle counts and size of follicles were measured using previously defined methods in adult female rhesus monkeys (Bishop et al., 2009) . All parameters were then decoded for comparisons between treatment groups.
DEXA scanning
Percent body fat, percent central fat, fat mass in grams and lean tissue mass were determined using dual-energy X-ray absorptiometry (DEXA) scanning. Monkeys were sedated with ketamine and positioned supine on the bed of a Hologic Dexa scanner (Discovery scanner, Hologic Inc., Bedford, MA, USA). Two to three scans were performed for each monkey in 'infant whole body' mode and averages were calculated for each measure. To delineate central fat mass from peripheral fat mass, fat in the trunk (including both the subcutaneous and visceral
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Glucose tolerance testing and insulin assay
Glucose tolerance testing (GTT) was performed during the early follicular phase of a menstrual cycle. For monkeys not showing regular menstrual cycles, the GTT was performed when a blood sample showed that estrogen and progesterone levels were low, indicating the absence of a dominant follicle or corpus luteum in the ovaries. Each animal was sedated initially with telazol (tiletamine hydrochloride and zolazepam hydrochloride, Fort Dodge Animal Health, Fort Dodge, IA, USA) and subsequently with ketamine to maintain sedation, and the protocol was based on that designed by Richard Bergman (1979) . We performed a modified Bergman Frequent Sampling Insulin Glucose Tolerance (FSIGT) used in humans using only 12 measurements within 180 min (Steil et al., 1993) and the results of this simpler protocol had correlated with the full FSIGT. Dextrose (300 mg/kg) was infused i.v. through the catheter system and blood samples were taken from 15 min before to 3 h after the glucose infusion. Tolbutamide (5 mg/kg) was infused i.v. at 20 min in order to stimulate the pancreas to secrete more insulin. All samples were immediately assayed for glucose and subsequently for insulin. Insulin was assayed by RIA (Linco Human Insulin RIA, Millipore Corporation, Billerica, MA, USA). The sensitivity of the insulin assay was 1 mIU/ml and the intra-assay coefficient of variation was 2.7%. Glucose was assayed using the YSI 2300 Stat Plus (YSI Inc., Yellow Springs, OH, USA).
Timeline Figure 1 depicts the experimental timeline for this study. GTT was performed when the animals were 3.5 years old and LH responsiveness to GnRH was measured during the midfollicular phase (D8-10) of a menstrual cycle when the animals were 4 years of age (i.e. during the 2008 -2009 breeding season). When the animals were 5 years old, pulsatile LH secretion was measured during the early follicular phase (D2 -3) of a menstrual cycle, and LH response to GnRH was measured during the midfollicular phase (D8-10) of a separate menstrual cycle. Animals were tested 2 -3 or 8 -10 days after onset of menses, regardless of ovulatory status. Ovarian ultrasounds and DEXA scanning were also performed when the animals were 5 years of age (i.e. during the 2009 -2010 breeding season).
Statistical analyses
LH pulses were identified using the Pulsar algorithm that was developed by Merriam and Wachter (1982) , and used previously to detect LH pulses in monkeys (Cameron and Nosbisch, 1991; Ramaswamy et al., 2007) . The following G-values were used: G(1): 50.00, G(2): 1.0, G(3): 0.40, G(4): 0.40 and G(5): 0.40. For all Pulsar analyses, values below the level of detectability for the assay were assigned the minimum detectable concentration of the assay.
The MINMOD Millenium computer program was used to determine glucose effectiveness, insulin sensitivity, acute insulin response and disposition index values (Boston et al., 2003) . This program was designed to calculate these values based on the GTT protocol that was described by Bergman et al. (1979) and that was used in this study.
A Fisher's exact test was used when analyzing the presence or absence of follicles over 2.0 mm in diameter, and an independent t-test was used to analyze number of LH pulses occurring when the animals were 5 years old, age at first nighttime rise in LH, age at menarche and testosterone levels. Due to abnormally distributed data, the non-parametric Mann-Whitney U-test was used to assess LH response to GnRH. Ovarian data were analyzed by two-way analysis of variance (ANOVA) (ovary size × treatment) or one-way ANOVA (total follicles per female). Statistical analyses were performed using Prediction Application Software Statistics 17 (SPSS Inc., Chicago, IL, USA). Values are presented as means + SEM. P , 0.05 was considered significant.
Results
Plasma testosterone concentrations in the testosterone-treated animals were maintained in a narrow range at 3.7 + 0.2-fold higher than in the control animals from the time of first implant at 1 year of age through 5.5 years of age (testosterone-treated: 1.73 + 0.02 ng/ml; control: 0.50 + 0.05 ng/ml, P ¼ 0.001). Implants were replaced on a regular schedule, every 8.0 + 0.4 weeks throughout the study. At 1, 2 and 3 years of age, the two groups of monkeys did not differ in body weight (Fig. 2) . However, there was a trend toward heavier weights in testosterone-treated monkeys at 4 and 5 years of age (P ¼ 0.077 and P ¼ 0.075, respectively), and a significant difference between the groups at 5.5 years, with testosterone-treated animals weighing significantly more than controls (testosteronetreated: 5.2 + 0.1 kg; control: 4.7 + 0.2 kg; P ¼ 0.03, Fig. 2 ). There were no differences in age at first nighttime rise in LH (testosterone-treated: 33.0 + 2.8 months; control: 33.3 + 3.6 months) or age at menarche (testosterone-treated: 32.1 + 1.4 months; control: 32.4 + 2.5 months). The groups also did not differ in the number of menstrual cycles or in the number or percentage of ovulatory menstrual cycles that occurred when they were 3-5 years of age (Table I) .
At 5 years of age, testosterone-treated animals had a significantly greater number of LH pulses than control animals on D2 -3 of the menstrual cycle (testosterone-treated: 9.7 + 1.8 pulses; control: 3.7 + 1.8 pulses; P ¼ 0.04; Figs. 3 and 4) , though there was considerable individual variation in pulse frequency within each group. There was no correlation between LH pulse frequency and whether the monkey had ovulated in the prior menstrual cycle, and there were no group differences in estrogen levels when pulsatile LH secretion was assessed (testosterone-treated: 92 + 15 pg/ml; control: 81 + 14 pg/ml; P ¼ 0.6; Figs 3 and 4 Menstrual periods are presented as recorded from September to May, as rhesus monkeys may be acyclic or anovulatory in the summer months. Therefore, number of menstrual periods ≥9 is considered normal for adults. Data are presented as mean + SEM. There were no significant differences between groups for any measure. Figure 3 Pulsatile LH secretion in the six cholesterol-treated animals on D2 -3 of the menstrual cycle. E 2 at the time of blood sampling is indicated for each animal. Each experiment is also labeled as occurring during either an ovulatory (Ov) or anovulatory (Non-ov) cycle. *Indicates LH pulse as detected by Pulsar analysis.
Peripubertal androgen elevation stimulates LH control monkeys on D8-10 of a menstrual cycle when the monkeys were 4 years of age (testosterone-treated: 73.9 + 20.3 ng/ml/ 90 min; control: 17.9 + 10.8 ng/ml/90 min; P ¼ 0.042; Fig. 5 ). However, there was no difference between the groups in LH response to GnRH when the monkeys were 5 years of age (testosteronetreated: 47.7 + 22.4 ng/ml/90 min; control: 44.4 + 24.0 ng/ml/ 90 min; P ¼ 0.57).
Ovarian ultrasounds were performed on D1 -3 of a menstrual cycle when the animals were 5 years of age. There were no statistically significant group differences in ovarian area, circumference or diameter. There were also no differences in number of visible antral follicles on each ovary, the mean, minimum and maximum size of the antral follicles on each ovary, or the total number of antral follicles (Table II) . There was a trend toward control animals being more likely to have a follicle over 2.0 mm in diameter compared with testosteronetreated animals (P ¼ 0.09), and follicles of this size were only present in control animals.
At 5 years of age, there were no differences between the groups in overall percent fat (testosterone-treated: 1.7 + 0.3%; control: 1.5 + 0.5%; P ¼ 0.6) or percent lean mass (testosterone-treated: 95.2 + 0.7%; control: 95.4 + 0.5%; P ¼ 0.4). The percent of fat which was stored in the trunk also showed no difference between the groups (testosterone-treated: 25.1 + 12.3%; control: 22.5 + 7.3%; P ¼ 0.7). When the animals received GTT at 3.5 years of age, there were no differences in baseline or peak glucose, baseline or peak insulin, or insulin sensitivity, glucose effectiveness, acute insulin response or disposition index as calculated by the MINMOD Millennium program (all P . 0.1).
Figure 4
Pulsatile LH secretion in the six testosterone-treated animals on D2 -3 of the menstrual cycle. E 2 at the time of blood sampling is indicated for each animal. Each experiment is also labeled as occurring during either an ovulatory (Ov) or anovulatory (Non-ov) cycle. *Indicates LH pulse as detected by Pulsar analysis.
Figure 5 LH response to a bolus injection of GnRH at 4 years of age (A) and 5 years of age (B). GnRH (250 ng/kg, i.v.) was infused at time 0. Testosterone-treated animals showed a significantly greater response measured as area under the curve at 4 years of age (P ¼ 0.042) but not at 5 years of age (P ¼ 0.57). Data are expressed as mean + SEM.
Discussion
Female monkeys treated with low doses of testosterone during pubertal development (resulting in a 3.7-fold increase in testosterone over controls) showed increased pulsatile LH secretion, as well as increased LH responsiveness to GnRH in early adulthood, both of which are key neuroendocrine features associated with various hyperandrogenic states in women (Rebar et al., 1976; Levin et al., 1991; Pastor et al., 1998; Blank et al., 2009) . This suggests that a modest increase in circulating androgen levels during the peri-pubertal interval in female monkeys can play a causal role in the greater activation of the central neural drive to the reproductive axis during adulthood, and supports the hypothesis that HA may be pivotal in the development of reproductive dysfunction associated with obesity, PCOS and CAH.
The doses of androgens used in this study were based on clinical findings that obese girls and women with PCOS often have levels of testosterone that are increased about 3-4 times above the levels seen in healthy girls and women (Eagleson et al., 2003; Silfen et al., 2003; Moran et al., 2004; McCartney et al., 2006) . Although elevated, these increased levels of androgens are still relatively low compared with those typically present in men (Evans et al., 1971; Piro et al., 1973) . We were able to successfully mimic this modest increase in testosterone in our female monkeys, with testosterone levels still remaining lower than those observed in male macaques (Goodman et al., 1974) . Our findings of increased central neuroendocrine drive in testosterone-treated animals support previous findings, which showed that monkeys exposed to high doses of androgens during early fetal development had elevated LH levels in adulthood (Dumesic et al., 2002) . Our study expands these findings by demonstrating that excess androgens do not need to be present during gestation in order for neuroendocrine changes to occur. Also, the doses of testosterone used in the current study were smaller than had been used previously, indicating that a modest increase in testosterone levels is sufficient to cause changes in neuroendocrine function.
There are several clinical conditions that produce both HA and increased pulsatile LH secretion, including PCOS, CAH and premature pubarche. Women with PCOS reportedly have a consistent, high rate of LH pulsatility (Rebar et al., 1976; Zumoff et al., 1983; Waldstreicher et al., 1988) , while LH pulse frequency varies with the menstrual cycle in healthy women (Midgley and Jaffe 1971; Yen et al., 1972) . The difference in pulsatile LH secretion between women with PCOS and healthy women is most apparent during the early follicular phase of the menstrual cycle, when PCOS subjects have about one LH pulse per hour, compared with healthy women who have about one LH pulse every 2 h (McCartney et al., 2002) . In one study comparing gonadotrophin release in patients with either PCOS or CAH, women with PCOS showed both elevated androgens and increased frequency of pulsatile LH secretion compared with healthy controls, while women with CAH had an intermediate phenotype, showing levels of androgens and LH pulse frequencies that were higher than controls but lower than PCOS patients (Levin et al., 1991) . Other studies have also found elevated basal LH levels and an increased LH response to GnRH agonists in women with CAH (Barnes et al., 1994 , HolmesWalker et al., 1995 , neuroendocrine changes that are similar to those seen in women with PCOS. Many CAH patients also experience premature pubarche, and in one study of women with premature pubarche, 45% went on to develop polycystic ovaries, oligomenorrhea and elevated LH levels postpubertally (Ibanez et al., 1993) . These girls also had elevated androgen levels at the time of their premature pubarche diagnosis, suggesting that increased levels of androgens during puberty may play a role in the development of later neuroendocrine and ovarian dysregulation.
In the current study, we found that the testosterone-treated animals had significantly more pulses on D2 -3 of the menstrual cycle when compared with control animals, despite the small sample size. There were no group differences in the percentage of menstrual cycles that were ovulatory (see Table I ), and there was no correlation between LH pulse frequency and the incidence of ovulation in the previous menstrual cycle in individual monkeys. The control monkeys had approximately one LH pulse per 3 h in the early follicular phase. This is similar to the pulse frequency reported in the early follicular phase in a closely related macaque species, Macaca fascicularis (Herod et al., 2010b) . In contrast, the testosterone-treated monkeys showed almost one pulse per hour in the early follicular phase, a pulse frequency about 3-fold greater than in the control animals.
We also found that the testosterone-treated animals had a significantly higher LH response to exogenous GnRH than control animals when tested at 4 years of age, as would be expected from clinical findings that women with PCOS secrete more LH in response to GnRH than controls (Yen et al., 1975; Patel et al., 2004; Bachelot et al., 2007) . This difference was not apparent when the animals were tested at 5 years of age. However, previous studies have shown that LH responsiveness to GnRH is normalized in women with PCOS after spontaneous ovulation occurs (Blankstein et al., 1987) . Four out of the six testosterone-treated animals and two out of six controls had ovulatory cycles in the cycle before GnRH responsiveness was tested at 5 years of age (as indicated by elevated progesterone on D20 of the previous cycle), so it is possible that recent ovulation led to a normalization of the LH response in those four testosterone-treated animals.
Ovarian ultrasounds performed during the early follicular phase when these monkeys were 5 years of age showed no differences in numbers of small antral follicles or ovarian size between testosteronetreated and control monkeys. This may indicate that the amount of ovarian testosterone exposure in this study was not sufficient to induce changes in the ovaries. Studies in female-to-male transsexuals have shown that extremely high doses of testosterone can result in a PCOS phenotype replete with morphological changes in the ovaries (Pache et al., 1991) . In addition, silastic implants that delivered substantial levels of testosterone to non-human primates also showed an increase in ovarian follicle formation (Vendola et al., 1998) . The dose of testosterone in the current study was considerably lower than in these previous studies. By design in this study, we mimicked the circulating levels of testosterone seen in women with PCOS; however, the ovary is a major source of androgens in PCOS and it is possible that higher levels of localized testosterone or more prolonged exposure are needed to induce ovarian changes. Although no differences were found in follicle number, there was a trend toward control animals being more likely to display an antral follicle ≥2 mm, a size that is indicative of selection of the dominant follicle during the early follicular phase of the cycle in rhesus monkeys (Bishop et al., 2009) . Unlike the control group, none of the testosterone-treated animals displayed antral follicles ≥2 mm. It is worth noting that pilot studies of adult breeding female rhesus monkeys indicated that the average diameter of ovaries, imaged during the early follicular phase of the menstrual cycle, to be 5.6 + 0.6 mm (Bishop et al., unpublished data) . This is much larger than ovaries of both control and testosterone-treated females in the current study (see Table II ), suggesting the monkeys at five years of age are still developing reproductively. It is possible that ovarian changes resulting from increased testosterone exposure may not occur until later, when the ovaries reach a normal adult size. Approximately 80% of women with PCOS are overweight or obese , conditions that can aggravate PCOS symptoms (Legro, 2000; Chang, 2007) . We did not see any differences between the groups in percent fat or percent lean mass in this study, which is not surprising because the animals were maintained on a diet that is low in fat (15% of calories from fat). It may therefore be not unexpected that differences between the groups in insulin sensitivity were not apparent with GTT when the animals were 3.5 years of age. Interestingly, the testosterone-treated animals are becoming significantly heavier than controls at 5.5 years of age. Since there were no differences in percent fat or percent lean mass, the increased body weight is not due to preferential deposition of either fat or muscle, but rather an overall increase in body mass. Whether persistence of this testosterone-associated weight gain may eventually lead to metabolic dysfunction such as insulin resistance and type 2 diabetes is unclear and continued monitoring of these animals is planned.
In summary, the increased pulsatile LH secretion and LH response to GnRH that we observed in testosterone-treated monkeys indicate that HA during puberty could play a causal role in altering the neural drive to the reproductive axis, such as is seen in girls with HA and women with PCOS. Further studies with these animals will help to determine downstream changes in ovarian function that may occur as a result of chronic testosterone exposure and/or increased neuroendocrine drive to the reproductive axis, and to assess whether elevated testosterone levels lead to metabolic changes that are common in PCOS, particularly as the animals gain weight.
